Besides its hallmark central neuroendocrine effects in the control of GH secretion and food intake, an unexpected reproductive facet of ghrelin has recently emerged because expression of this molecule and its cognate receptor has been demonstrated in rat testis. However, whether this signaling system is present in human gonads remains to be evaluated. In this study, we have assessed the presence and cellular location of ghrelin and its functional receptor, namely the type 1a GHS-R, in the cyclic human ovary by means of immunohistochemistry using specific polyclonal antibodies. Strong ghrelin immunostaining was demonstrated in ovarian hilus interstitial cells. In contrast, ghrelin signal was not detected in ovarian follicles at any developmental stage, nor was it present in newly formed corpora lutea (CL) at very early development. However, specific ghrelin immunoreactivity was clearly observed in young and mature CL, whereas expression 
G HRELIN WAS RECENTLY identified as the endoge-
nous ligand for the GH secretagogue (GHS) receptor (1, 2) . The GHSs are a family of synthetic peptidyl and nonpeptidyl compounds with ability to induce GH release in all species tested, including humans (3, 4) . In addition, GHSs are able to elicit a number of biological responses in different endocrine and nonendocrine systems (3, 4) . Such an array of biological effects is carried out through interaction with a specific cell surface receptor, namely the GHS receptor (GHS-R). The GHS-R belongs to the G protein-coupled seven-transmembrane receptor superfamily (3, 5, 6) , and it is mainly expressed in the pituitary, hypothalamus, and hippocampus (7) . Two GHS-R subtypes, generated by alternative splicing of a single gene, have been identified so far: the full-length type 1a receptor and the truncated GHS-R type 1b (5, 6) . The GHS-R1a is the fully functional form of the receptor. In contrast, the GHS-R1b lacks transmembrane domains 6 and 7, and it is apparently devoid of high-affinity ligand-binding and signal transduction capacity (3) . The functional role, if any, of this type 1b form of GHS-R is yet to be elucidated.
The physiological relevance of the GHS-signaling system has been recently substantiated by the identification of its endogenous ligand, ghrelin. Ghrelin is a 28-amino acid peptide with an essential n-octanoyl modification at Ser3 that is primarily expressed in stomach and hypothalamus (1, 2) . As expected for the endogenous counterpart of GHSs, this molecule has been proven to elicit GH secretion in vivo and from anterior pituitary cells in vitro (1, 2, 8 -10) . In addition, ghrelin is able to induce food intake and adiposity in rodents (9, 11, 12) , and its involvement in the long-term control of body weight in humans has been recently proposed (13) . Notably, the above biological effects of ghrelin are mainly carried out at central neuroendocrine levels, i.e. the hypothalamus and/or pituitary. However, additional as-yet-undefined peripheral actions of ghrelin are likely to take place. In this context, a widespread pattern of expression of the genes encoding ghrelin and its cognate receptor has been reported very recently in humans (14) , and GHS/ghrelin-binding sites have been demonstrated in a variety of peripheral human tissues (15) . In addition, a number of noncentral tissues, such as placenta and kidney, have been shown to express ghrelin protein (16, 17) . However, the physiological role of ghrelin signaling in such peripheral systems remains to be determined.
Among the novel biological actions of ghrelin, a role for this molecule in the direct control of male gonadal function has been recently suggested in rodents. Our group has pro-vided evidence for the expression of ghrelin and its cognate receptor in rat testis (18, 19) . In addition, a specific ghrelin gene-derived transcript has been recently identified in mouse testis (20) . However, evaluation of expression or direct biological actions of ghrelin in gonads from nonrodent species, including humans, has not been conducted. Moreover, the presence of ghrelin and its signaling system in the ovary remains largely unexplored, although expression of ghrelin mRNA in human ovarian tissue has been preliminarily reported very recently (14) . In this sense, the ovary is a complex organ in which different endocrine and locally produced steroidal and nonsteroidal regulators cooperate to ensure complete ovarian function (21) (22) (23) . In the present study, assessment of expression and cellular location of ghrelin and its functional receptor, i.e. the type 1a GHS-R, was conducted in the cyclic human ovary by immunohistochemical labeling using specific polyclonal antibodies. Overall, novel evidence for the expression of both components (ligand and receptor) of ghrelin signaling system within the human ovary paves the way for further studies on the role of this recently cloned molecule in ovarian physiology and pathophysiology.
Materials and Methods

Tissue samples
Human ovaries were obtained from the files of the Department of Pathology of the University of Cordoba, on approval of the local Ethical Committee. In detail, from a larger series, 25 ovaries corresponding to hysterectomized and bilaterally salpingo-oophorectomized women caused by uterine lesions were selected. Patients did not show ovarian pathology, nor were they undergoing hormonal treatment. In addition, they presented with normal menstrual cycles. Normal cyclicity was confirmed by the presence of a corpus luteum (CL) of the current cycle (during the luteal phase) and of a regressing CL of the preceding cycle (during the follicular phase). The day of the cycle was assigned by considering the menstrual history and dating of the endometrium (24) and CL (25) . The standard cycle was considered to be 28 d and was divided into follicular (from d 1 to d 14) and early (d [15] [16] [17] [18] [19] , mid (d 20 -24) , and late (d 25-27) luteal phases. At least five ovaries per phase were studied.
Healthy ovarian follicles were classified using previously published criteria (26) . To simplify the results, follicles were divided into four groups: 1) resting follicles, corresponding to nongrowing follicles and including primordial, intermediary, and primary follicles; 2) secondary preantral follicles (class 1); 3) early antral follicles (classes 2 and 3), and 4) antral follicles, from class 4 onward. In addition, atretic follicles were considered as early (stages A and B) or advanced (stages C and D), as described in detail elsewhere (26) . Finally, CL were classified as young (d [15] [16] [17] [18] [19] , mature (d 20 -24), old (d [25] [26] [27] , and regressing (during the follicular phase of the following cycle) CL.
Polyclonal antighrelin and anti-GHS-R1a antibodies
For analysis of ghrelin peptide expression, a rabbit antighrelin polyclonal antiserum, kindly provided by Drs. M. Kojima and K. Kangawa (Department of Biochemistry, National Cardiovascular Center Research Institute, Osaka, Japan), was used as primary antibody. This antibody was generated as described in detail elsewhere (27) , using [Cys0]-rat ghrelin (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) as antigen, and it is able to recognize both rat and human ghrelin (28) . High specificity of this antiserum is demonstrated by absence of significant cross-reactivity with other peptides, as reported earlier (28) . In addition, immunohistochemical labeling of GHS-R1a protein was conducted using a rabbit polyclonal antibody generated against a synthetic peptide corresponding to the C-terminal fragment (RAWTESSINTC) of the human GHS-R1a protein conjugated to diptheria toxin (Mimotopes, Melbourne, Australia), as described in detail previously (29) . Western analyses using this antibody demonstrated a single specific band of approximately the predicted size (45 kDa) for the GHSR1a in the ALVA-41 and DU145 prostate cancer cell lines (Chopin, L. K., and A. C. Herington, personal observation), which have been proven to express the GHS-R1a mRNA isoform and GHS-R1a protein (29) .
Immunohistochemistry
Immunohistochemistry was performed on routinely neutral-buffered formaldehyde-fixed, paraffin-embedded tissues. In detail, ovarian sections (5 m thick) were placed on poly-l-lysine-coated slides and, after dewaxing in xylene and rehydration in ethanol, the samples were incubated in 2% hydrogen peroxide in methanol for 30 min to quench endogenous peroxidase followed by washing in PBS. Specifically, sections for GHS-R1a immunolabeling were immersed in 10 mm citrate buffer and submitted to antigen retrieval in a microwave oven (2 ϫ 5 min at 700 W). As general immunohistochemical procedure, sections were allowed to cool at room temperature, washed in PBS, blocked with normal serum, and incubated overnight with the primary antibody: antighrelin (diluted 1:400); anti-GHS-R1a (diluted 1:200). The sections were then processed according to the avidin-biotin-peroxidase complex technique following previously described methods (30, 31) . Negative controls were run routinely in parallel by replacing the primary antibody by preimmune serum or PBS. In addition, positive controls for ghrelin and GHS-R1a immunostaining, were included. Thus, reactions in rat testicular samples (18, 19) and human pituitary sections (Peterborough Hospital NHS Tissue Bank, Peterborough, UK) were conducted using antighrelin and anti-GHS-R1a primary antibodies, respectively, yielding strong immunoreactivity. As an additional control for the specificity of GHS-R1a antibody, immunohistochemical reactions using human pituitary and ovarian tissue were carried out following preabsorption of the antiserum overnight at 4 C with 1 mg/ml of the synthetic peptide (RAWTESSINTC) to which it was raised against. This procedure completely abolished immunolabeling of pituitary and ovarian sections (Fig. 1) .
Results
Ghrelin expression in cyclic human ovary
Evaluation of the presence and pattern of cellular expression of ghrelin protein in the cyclic human ovary was conducted by immunohistochemistry using a specific antighrelin polyclonal antibody (27, 28) . Our analysis demonstrated that hilus interstitial cells, found at the ovarian hilus as clumps of large epithelioid cells ( Fig. 2A) , showed strong ghrelin immunostaining (Fig. 2B) . In positive cells, the cytoplasm was uniformly stained, whereas cell nuclei were negative. As a control for specificity of detection, omission of primary antighrelin antibody and its substitution either by PBS (data not shown) or preimmune serum ( Fig. 2A) resulted in negative staining of hilus cells. Otherwise, secondary interstitial cells derived from the theca interna of atretic follicles failed to show specific ghrelin immunostaining.
In addition, neither oocytes nor somatic cells of the ovarian follicles showed positive ghrelin immunoreactivity. Similarly, the newly formed CL remained negative for ghrelin peptide expression. In contrast, clear ghrelin signal was observed in young CL (Fig. 2C) , from d 16 of the cycle onward as well as in mature CL (Fig. 2D) . Specific ghrelin immunostaining was observed in the cytoplasm of granulosa-lutein cells (GLC) (Fig. 2E ) and was stronger in the inner aspect of the granulosa-lutein layer (GLL). Theca-lutein cells were negative. Finally, ghrelin immunoreactivity was present in scarce, isolated GLC from old CL, whereas it was absent in regressing CL.
GHS-R expression in cyclic human ovary
A similar immunohistochemical procedure was used for assessment of the presence and pattern of cellular expression of GHS-R1a peptide in the cyclic human ovary, using a specific anti-GHS-R1a polyclonal antibody (29) . In contrast to ghrelin, GHS-R1a protein expression showed a wider pattern of tissue distribution within the human ovary. Concerning the follicular compartment, oocytes showed cytoplasmic immunostaining that was stronger in small follicles (Fig. 3 , A-C) and fainter in larger ones. In addition, GHS-R1a protein was detected in somatic follicular cells, with an expression profile that was roughly parallel to follicle development. Overall, resting follicles showed variable GHS-R1a immunoreactivity. In detail, (pre)granulosa cells in primordial follicles were not immunostained (Fig. 3A) , whereas cuboidal granulosa cells from intermediary ( Fig. 3B) and primary (Fig.  3C ) follicles presented negligible to faint GHS-R1a signal. In contrast, in secondary preantral follicles, clear-cut GHS-R1a immunoreactivity was detected in the cytoplasm of granulosa cells (Fig. 3D) . In early antral follicles (classes 2 and 3), immunostaining was weak in granulosa cells and stronger in theca cells (Fig. 3E) . From this stage of follicular development onward, healthy antral follicles showed intense GHS-R1a immunoreactivity in both granulosa and theca layers (Fig. 3, F-H) .
Early atretic follicles showed decreased expression of GHS-R1a protein in granulosa cells (Fig. 4, A and B) , whereas intensity of GHS-R1a immunoreactivity remained constant in theca cells (Fig. 4B) . At advanced stages of atresia, secondary interstitial cells derived from the theca interna showed strong GHS-R1a immunostaining (Fig. 4C) . Similarly, immunoreactivity for GHS-R1a peptide was also observed in hilus interstitial cells (Fig. 4, D and E) .
Finally, CL showed clear-cut GHS-R1a peptide expression at all stages of development. Within CL, both GLCs and theca-lutein cells were immunostained in young (Fig. 5A) , mature (Fig. 5B), old (Fig. 5C), and regressing (Fig. 5D ) CL. It is worth noting that cells in the CL immunolabeled with anti-GHS-R1a antibody corresponded to steroidogenic luteal cells, recognizable by their round nuclei and large cytoplasm.
Discussion
Emerging evidence indicates that the role of ghrelin, as endogenous ligand of the GHS-R, is not only restricted to the physiological control of GH secretion but is also likely to involve additional neuroendocrine functions. In this context, an unexpected reproductive facet of ghrelin, with potential actions at different levels of the gonadal axis, has been recently suggested in rodents. Thus, intracerebroventricular administration of ghrelin has been shown to rapidly suppress pulsatile LH secretion in female rats (32) . In addition, our group has provided evidence for the expression of ghrelin and its receptor in rat testis (18, 19) and on the ability of ghrelin to modulate stimulated testosterone secretion in vitro. Moreover, a specific ghrelin gene-derived transcript has been recently identified in mouse testis (20) . To our knowledge, however, the expression of ghrelin and its cognate receptor in the ovary, as well as the presence of this signaling system in human gonads, remain largely unexplored. Yet the limited evidence available preliminarily suggested the presence of such a system in the ovary (14, 15) . In the present communication, we used an immunohistochemical approach to characterize in detail the expression and pattern of cellular location of ghrelin and the functionally active form of GHS-R, namely the GHS-R1a subtype, in the cyclic human ovary. Our results indicate that both compo- nents of the ghrelin signaling system are present in the human ovary, with partially overlapping but distinct patterns of cellular expression.
Using RT-PCR, expression of ghrelin gene in human ovary has been postulated very recently (14) . Present data further substantiate this preliminary observation and demonstrate for the first time the actual presence of the peptide in the human female gonad. Notably, immunolocalization of ghrelin within human ovarian tissue revealed a compartmentalized distribution of the protein, with strong signals being detected in hilus interstitial cells. It is worth noting that this cell type shows distinctive morphological characteristics, such as the presence of crystals of Reinke, that are identical to those of differentiated testicular Leydig cells (33) . In fact, our molecular and immunohistochemical analyses indicated that testicular expression of ghrelin is restricted to mature Leydig cells, both in rats (18, 19) and humans (Gaytan, F., and M. Tena-Sempere, manuscript in preparation). Thus, ghrelin expression may be an additional feature shared by ovarian hilus and testicular Leydig cells. Indeed, relaxin-like factor, another useful marker of testicular Leydig cell differentiation (34, 35) , is expressed also in human ovarian hilus cells (36) .
Interestingly, Leydig cell-specific expression of ghrelin in rat testis is under regulation of pituitary LH (19) , and a role for ghrelin as direct modulator of LH-driven testicular testosterone secretion has been recently reported (18) . Hilus interstitial cells are steroidogenically active, with ability to secrete testosterone in response to LH stimulation (33) . Whether ghrelin may have a direct role in the regulation of androgen secretion by hilus cells remains to be evaluated, although the presence of its cognate receptor, the GHS-R1a, in the very same cell type (Fig. 4) is compatible with this hypothesis. Presumably, the contribution of hilus cells to the pool of circulating androgens in women is not fully established (37) . Yet hilus cells can undergo hyperplasia, which is frequently observed after menopause and may be associated with endocrine disturbances. In addition, rare cases of virilizing tumors of hilus cells have been described in postmenopausal women (38) . Overall, our present data pave the way for analysis of the role, if any, of ghrelin signaling in the physiological and pathophysiological control of hilus cell steroidogenic function.
In contrast to hilus cells, other interstitial androgen-producing cells in the ovary, such as secondary interstitial cells derived from atretic follicles, showed an absence of ghrelin immunoreactivity. The reason for such a divergence is unclear but as for testicular Leydig cells, ghrelin may serve as selective marker for highly differentiated, androgen-secreting (i.e. hilus) cells within the ovary. Yet the presence of minute amounts of ghrelin peptide in other ovarian androgen-producing cells, at levels below the sensitivity threshold of our immunohistochemical assays, cannot be completely ruled out. Conversely, ghrelin protein was clearly detected in luteal cells in a defined period following CL formation that corresponded to young and mature luteal tissue. Of note, such a profile of ghrelin expression in the CL is roughly coincident with its peak in functional activity within the ovarian cycle. Thus, maximum secretion of progesterone by CL cells, between d 17 and d 23 of the cycle (39) , grossly corresponded to the period when strong ghrelin immunostaining was detected in the cytoplasm of granulosa-lutein cells. Moreover, the presence of GHS-R1a peptide in both GLCs and theca-lutein cells during the same time frame suggests a potential regulatory role of locally produced ghrelin in the control of CL function. Notably, the pattern of expression of ghrelin in the human ovary is similar to that observed by our group in the cyclic rat ovary, in which ghrelin immunoreactivity was mainly located in steroidogenic luteal cells (Caminos, J. E., M. Tena-Sempere, and C. Dieguez, submitted for publication). Moreover, expression of ghrelin has been recently demonstrated in additional steroidogenic tissues, such as the placenta (16) and testis (18, 19) , and we have provided evidence for a direct modulatory action of ghrelin on stimulated testosterone secretion (18) . In this context, elucidation of ghrelin effects on CL steroidogenic function merits further investigation.
Immunohistochemical analyses of the presence and cellular location of GHS-R1a protein within the cyclic ovary indicated a somewhat wider pattern of distribution than that of ghrelin, with detectable specific signals in oocytes as well as somatic follicular cells; luteal cells from young, mature, old, and regressing CL; and interstitial hilus cells. To date an extremely limited number of studies have addressed the expression of the cognate ghrelin receptor, namely the GHS-R, in rodent and human gonads, and partially conflicting results have been reported. Expression of the GHS-R gene in rat testis has been demonstrated (18) , but no conclusive data on GHS-R expression in rodent ovary have been published. Notably, our recent analyses indicated strong expression of the mRNA encoding the functionally active form of GHS-R, i.e. the 1a GHS-R subtype, in rat testis during the adult period (Barreiro, M. L., and M. Tena-Sempere, submitted for publication). In keeping with data from rodent testis, high levels of GHS/ghrelin binding were demonstrated in human testis (15) . Similarly, ghrelin-binding sites were also identified in the human ovary, thus suggesting the presence of functional receptor (15) . These results are in good agreement with our present immunohistochemical results.
In contrast, however, in a very recent report, systematic screening of GHS-R1a mRNA expression in a wide array of human tissues, using real-time RT-PCR, failed to detect this transcript in the human ovary (14) . Conversely, positive amplification of the mRNA encoding the truncated GHS-R1b form was observed (14) . The reasons for the above discrepancies remain obscure because no detailed description of the endocrine background of the assayed ovarian samples are offered in the mentioned study (14) . In this sense, the ovary undergoes striking changes during development and within the cycle, making it possible that net expression levels of a target gene may vary dramatically. Additionally, changes in the balance between 1a and 1b forms of GHS-R expression may take place in the human ovary under certain conditions. This seems to be the case for rat testis in which changes in the pattern of alternative splicing of GHS-R gene are observed throughout postnatal development. Thus, whereas strong expression of GHS-R1a mRNA is detected from pu- berty onward, in earlier stages of testicular development the predominant receptor form is likely the truncated GHS-R1b type (Barreiro, M. L., and M. Tena-Sempere, submitted for publication). Whether a similar phenomenon operates in the ovary is yet to be proven. In this context, additional analyses on the expression of the mRNA encoding the GHS-R type 1a as well as that of its cognate ligand, ghrelin, in human ovarian tissue would help to further delineate the pattern of expression and regulation of this signaling system in the female gonad. Nevertheless, data from binding studies (15) and immunohistochemical labeling (present results) strongly suggest that functional (i.e. type 1a) GHS-Rs are expressed in the cyclic human ovary.
Our immunohistochemical analyses demonstrated that expression of GHS-R1a peptide in somatic cells from ovarian follicles roughly paralleled follicular development, suggesting a potential relationship between GHS-R expression and follicle growth. Thus, although weak to negligible staining was observed in resting follicles, GHS-R1a protein expression in granulosa cells was first consistently observed in early growing follicles (secondary preantral follicles), and stronger GHS-R1a immunoreactivity became detectable in the granulosa and theca layers of growing follicles, from class 4 onward. Regulation of follicular growth is an incompletely understood phenomenon, in which, in addition to pituitary gonadotropins, a plethora of systemic and locally produced steroid and nonsteroid factors cooperate to ensure proper follicle development and ovarian function (21-23, 26, 39, 40) . The involvement of ghrelin in such a regulatory network remains to be determined. Of interest, a role for ghrelin, acting through its type 1a receptor, as a modulator of cell proliferation and tumor growth, has been recently proposed (29) , making it worthy to evaluate the potential implication of this novel signal in follicle development. Overall, our current immunohistochemical data on the simultaneous expression of ghrelin and its cognate receptor in several ovarian compartments are compatible with a potential action of locally produced ghrelin in the auto/paracrine regulation of human ovarian function. Additionally, the wide pattern of ovarian GHS-R1a expression makes it possible that circulating ghrelin may operate on specific cell targets within the human cyclic ovary. In this sense, ghrelin has recently emerged as a pivotal factor in food intake control and energy homeostasis (11) (12) (13) , and direct gonadal actions have been demonstrated for other peripheral signals with such key actions in the regulation of body weight and energy expenditure, as the adipocyte-derived plasma hormone, leptin (41) . Indeed, leptin has been proven to operate directly at the ovarian level to modulate follicular steroidogenesis and ovulation (42) (43) (44) . The role, if any, of systemic ghrelin in the control of ovarian function remains to be elucidated.
In conclusion, our immunohistochemical analyses provide compelling evidence for the presence of ghrelin and its cognate functional receptor, namely the type 1a GHS-R, in the cyclic human ovary with distinct but partially overlapping patterns of cellular distribution. The expression of both components (ligand and receptor) of ghrelin signaling system within the human ovary underscores a potential regulatory action of this novel molecule in the direct control of ovarian function.
